ABSTRACT: Provision of AA has shown success in attenuating proteolytic activity in monogastrics suffering from metabolic acidosis. However, it is unknown whether AA supplementation can provide any beneficial effects to ruminants with nutritionally induced metabolic acidosis. The objective of the current study was to examine the effects of glutamine infusion on various protein degradation components across several tissues in sheep with induced metabolic acidosis. Sheep were assigned to a randomized complete block design with 2 × 2 factorial arrangement of treatments (n = 6 sheep/treatment) consisting of a control or acidosis diet, and receiving a saline or l-glutamine infusion. Sheep were fed diets for 10 d and slaughtered on d 11. Liver, kidney, and muscle samples were collected at slaughter and examined for relative messenger RNA (mRNA) expression of ubiquitin, C8, E2, cathepsin L, cathepsin B, caspase-3, and m-calpain, as well as protein expression of ubiquitin. Relative mRNA expression of C8 (P = 0.02), E2 (P = 0.06), and ubiquitin (P = 0.07) was less in kidney in acidotic vs. control sheep. Additionally, mRNA expression of m-calpain in kidney was greater (P = 0.01) as a result of glutamine infusion. There were no significant alterations (P > 0.10) in mRNA of any component as a result of acidosis in the liver or muscle. This study demonstrates the inability of metabolic acidosis to increase expression of the ubiquitin-mediated proteolytic pathway in skeletal muscle; however, downregulation of renal mRNA expression of these components is apparent during the induction of metabolic acidosis.
INTRODUCTION
Metabolic acidosis is a condition in which increased interorgan N transport and H + buffering are required for animal survival. During rumen acidosis, production of lactate and propionate increase in the rumen and are consequently absorbed, decreasing blood pH (Nocek, 1997) . However, the mechanistic responses to metabolic acidosis in ruminants are poorly understood because the condition has thus far been predominantly studied in rodent or monogastric disease models (Lecker et al., 2006; Curthoys et al., 2007) . The unique digestive capabilities of ruminants complement their distinctive metabolic properties, such as their ability to continuously recycle N (Owens and Zinn, 1988) , as well as their dependency on absorption of gluconeogenic precursors (Fahey and Berger, 1988) . These, among other fundamental differences in ruminant metabolism, may also alter the compensatory actions due to physiological insult. Recent sheep research suggests that the ubiquitinmediated proteolytic pathway is not upregulated during acidosis , unlike nonruminants (Mitch et al., 1994) . This could indicate that ruminants predominantly use a different proteolytic pathway under acidotic conditions or have been able to compensate for an increased anionic load via other mechanisms. Provision of exogenous glutamine and leucine to nonruminants with metabolic acidosis results in attenuation of protein degradation (Watford et al., 2000; Wilmore, 2001) . It is important to establish a ruminant model and examine the influence of glutamine supplementation on proteolysis in ruminants. We have recently reported the impact of nutritionally induced metabolic acidosis and infusion of l-glutamine on acid-base balance and plasma AA concentrations in sheep (Odongo , 2008) . The objective of the current study was to examine shifts in tissue messenger RNA (mRNA) and protein expression of proteolytic components as a result of metabolic acidosis and l-glutamine treatment in the same animals.
MATERIALS AND METHODS
Twenty-four yearling wether Canadian-Arcott sheep (63.6 ± 5.9 kg of BW) were obtained from the Ponsonby Research Station, University of Guelph, Canada, and were handled in accordance with the Canadian Council on Animal Care regulations. The University of Guelph Animal Care Committee approved their use for this experiment.
Animals, Experimental Treatments, and Experimental Design
The outline of the 2 × 2 factorial arrangement and treatments has been described by Odongo et al. (2008) . Briefly, sheep (blocked by BW) were housed in individual pens with ad libitum access to water and fed dehydrated alfalfa pellets containing 900 g of DM/kg, 220 g of CP/kg of DM, and 1.2 Mcal of NE g /kg daily at 1000 and 1500 h. During the 10-d experimental period, sheep were offered an additional supplement of a control canola meal supplement or an HCl-treated canola meal supplement (NutriChlor, Nutritech Solutions, Abbotsford, Canada) offered twice daily at 0700 and 1100 h. The canola meal supplement was mixed with 60 mL of molasses, and the supplement amount offered was increased through the experimental period as follows: Odongo et al. (2008) . In addition, sheep were administered jugular infusions of saline or l-glutamine (292 mg/L; Cambrex Corporation, East Rutherford, NJ) from d 4 to 10 at a rate of 0.3 g of lglutamine per kg of BW or 1.8 mL/min of saline for 196 ± 3.1 min (mean ± SE) starting at 1300 h daily using a peristaltic pump as described previously (Plaizier et al., 2001) . All treatments were discontinued on d 11, and sheep were killed by captive bolt and exsanguination. Muscle (sternomandibularis), liver (central right lobe), and kidney (cross section of cortex/medulla) samples were collected at slaughter, snap frozen in liquid N, and stored at −70°C until further analysis.
Real-Time PCR
Total RNA was isolated using the TRIzol method (Invitrogen, Burlington, Canada), where frozen tissue was ground using chilled mortars and pestles, and 200 to 600 mg of tissue was suspended in 1 mL of TRIzol/mg of tissue and homogenized using an electric homogenizer before the addition of chloroform for phase separation. The RNA was precipitated using isopropanol, and the RNA pellet was washed twice with 75% ethanol before drying. Total RNA was resuspended in diethylpyrocarbonate-treated water for 260/280 nm absorbance readings. Intact RNA (5 µg) was treated to eliminate genomic contamination (DNase, Invitrogen), and subsamples of treated RNA were examined for RNA integrity (Agilent 2100 Bioanalyzer, Agilent Technologies, Brockville, Canada). Intact RNA was reverse-transcribed and frozen at 1:50 concentrations diluted in diethylpyrocarbonate-treated water. Samples and standard dilutions (1:10, 1:40, 1:160, 1:640, 1:2,560) were loaded onto plates in triplicate and examined for mRNA expression of the 26S proteasome C8 subunit, the E2 conjugating enzyme of the ubiquitin-mediated proteolytic pathway, ubiquitin, caspase-3, cathepsin B, cathepsin L, m-calpain, and β-actin (housekeeping gene) in 25-µL uniplex reactions with commercial master mix (Taqman Real-time PCR Master Mix with AMPerase UNG; Applied Biosystems, Foster City, CA) using realtime PCR (Prism 7000 Real-time PCR machine, Applied Biosystems). Exon-spanning primers and probes (Table 1) were designed based on mRNA sequences obtained by GenBank (National Center Biotechnology Information, Bethesda, MD) that were determined to have no sequence similarities to other ovine or bovine sequences through BLAST (National Center Biotechnology Information, Bethesda, MD). Plate efficiencies were determined using slope of standard dilutions (E = 10 −1/slope ), and relative mRNA expression was determined using the Pfaffl method (Pfaffl, 2001) . Individual real-time PCR results were calibrated to pooled control diet saline-infused animal values within each tissue type.
Immunoblot Analysis
Tissue subsamples obtained from liver, kidney, and muscle samples (1 g) were homogenized in extraction buffer (250 mM sucrose, 10 mM HEPES-KOH, 1 mM ethylene glycol tetraacetic acid) and protease inhibitor cocktail (Sigma-Aldrich, Oakville, Canada) before being frozen at −70°C. Protein concentration was determined (Bradford, 1976 ) using thawed sample homogenate. Equal parts Laemmli sample buffer (Sigma-Aldrich) and 15 µg of protein were combined and heated at 100°C for 15 min before loading into wells of premade 18% Tris-HCl gels (BioRad, Mississauga, Canada). Proteins were separated by gel electrophoresis at 100 V and electro-transferred to polyvinylidene fluoride membranes (Millipore, Billerica, MA) at 100 V for 1 h. Membranes were incubated in blocking reagent [2% Carnation dried nonfat milk (Metro, Guelph, Canada) and TBS/Tween 20] for 1.5 h before being incubated in 1:1,000 primary antibody of mouse origin against bovine ubiquitin (Fitzgerald Ind. Int. Inc., Concord, MA) and blocking reagent at 4°C overnight. Membranes were washed with blocking reagent before undergoing incubation in 1:5,000 horseradish peroxidase linked secondary antibody of sheep origin (Amersham Biosciences, Piscataway, NJ) and blocking reagent for 40 min.
Antibodies were considered appropriate for ovine protein measurements due to high sequence conservation between ovine and bovine species, of which antibodies have been validated for use. Membranes were washed in TBS/Tween 20 solution before determination of protein abundance by chemiluminescence through addition of Enhanced Chemiluminescence detection reagents (Amersham Biosciences). Membranes were subsequently stained with fast-green, and ubiquitin band density was normalized to lane density after densitometric analysis using Northern Eclipse (Empix Imaging, Mississauga, Canada) as described previously (Howell et al., 2003; Greenwood et al., 2008 ). All samples were tested in duplicate, and an internal control was loaded onto each membrane.
Statistical Analysis
All data were analyzed statistically using PROC MIXED (SAS Inst. Inc., Cary, NC). The statistical model employed was as follows:
in which Y ijk = the dependent variable, µ = the overall mean, τ i = the effect of block ( i = 1, 2, 3), α j = the effect of dietary treatment ( j = 1, 2), β k = the effect of infusion ( k = 1, 2), αβ jk = the effect of dietary treatment × infusion interaction ( jk = 1, 2, 3, 4), and ε ijk = the random residual error. Treatment means were compared using Tukey's multiple comparison procedure. Results were declared significant at P < 0.10 unless stated otherwise, and data were expressed as means ± SEM.
RESULTS AND DISCUSSION
As presented and discussed by Odongo et al. (2008) , significantly decreased urinary pH and blood pH, bicarbonate, urea, total CO 2 , partial pressure of CO 2 , and strong ion difference, in addition to other blood gas and acid-base variables, demonstrated that metabolic acidosis was successfully achieved in sheep fed the acidosis diet. In terms of tissue variables examined in the current study, induction of metabolic acidosis resulted in reductions in C8 (P = 0.02), E2 (P = 0.06), and ubiquitin (P = 0.07) mRNA expression in the kidney (Figure 1 ). In contrast, no significant regulation was observed as a result of acidosis in the liver (P ≥ 0.80; Figure 2 ) or muscle (P ≥ 0.51; Figure 3 ).
The downregulation of renal mRNA expression of ubiquitin-mediated proteolysis components in the current study indicates a potential downregulation of ubiquitin-mediated proteolysis and could be a consequence of feedback inhibition induced by increased ammonia flux. By examination of leucine kinetics and blood variables in human subjects given combination oral acidifiers, Garibotto et al. (2004) observed that increased renal ammonia concentrations induced a decrease in cathepsin-mediated protein degradation. In the current study, downregulation of the ubiquitin-mediated proteolysis components suggests that ammonia may also elicit a downregulation of this proteolytic pathway.
However, examination of corresponding ubiquitin protein expression in kidney, liver, and muscle tissue demonstrated no significant change in ubiquitin protein expression in any of these tissues as a result of diet or infusion (Figures 4, 5, and 6 ). It must also be noted that immunoblot analysis yielded observation of larger molecular weight peptides (approximately 167 kDa) and relatively no chemiluminescence of the 8.5-kDa free ubiquitin. Observation of these larger bands is similar to previous reports, and it is widely documented that these bands depict polyubiquitinated proteins and are reflective of ubiquitin expression (Grossman et al., 2003; Kelly et al., 2007) .
To further develop possible interaction with the ubiquitin-mediated proteolytic pathway, mRNA expression Glutamine for sheep with metabolic acidosis of caspase-3 was also determined. Because the 26S proteasome cannot degrade microfilaments, it has previously been hypothesized that regulation of caspase-3 might occur in conjunction with ubiquitin-mediated proteolytic components because caspase-3 can degrade actin into smaller fragments for the 26S proteasome (Du et al., 2005) . However, in the current study, no significant differences were observed for caspase-3 mRNA expression in kidney (P = 0.13), liver (P = 0.27), or muscle (P = 0.29). Again, this suggests that ruminants have been able to avoid proteolysis despite a significant anionic load.
Though analysis of ubiquitin-mediated proteolytic components extends only to the mRNA and protein level in the current study, the lack of plasma AA response observed in conjunction with previous research demonstrating a significant correlation (R = 0.93) between ubiquitin and 20S activity in liver and muscle tissue (Martin et al., 2002) provide additional support for our suggestion that acidosis was unable to stimulate the ubiquitin-mediated proteolytic pathway in the present study. In addition, the animal variation in skeletal muscle and hepatic mRNA response in the current study is indicative of no succinct response between animals and the inability of diet or infusion to regulate hepatic and muscle ubiquitin expression at the mRNA or protein level.
The acidotic state induced in the current study (Odongo et al., 2008) was a more severe treatment than our previous research (Las et al., 2007; . A greater urinary pH depression, and greater plasma anion gap, lactate concentration, base excess, and strong ion difference was evident in acidotic animals within the current study compared with our previous research (Las et al., 2007; Odongo et al., 2008) . However, even with a more severe metabolic acidosis, upregulation of ubiquitin-mediated proteolysis components was not observed. This suggests that sheep were able to tolerate and compensate for this anionic load via shifts in glutamine-facilitated N transport to the kidney, as described by Heitmann and Bergman (1980) . Analysis of plasma AA suggest that animals did not have increased proteolysis as a result of nutritionally induced metabolic acidosis, and only plasma leucine, lysine, and taurine concentrations were significantly altered as a result of diet or infusion . In addition, there was no significant change in plasma glutamine concentration due to diet or glutamine infusion . This lack of infusion effect indicates that supplemental glutamine is being excreted or that this additional exogenous source of glutamine is being used by tissues, perhaps for renal ammoniagenesis, as discussed by Odongo et al. (2008) , and would correspond with the earlier suggestion that renal ubiquitin-mediated proteolysis components were being downregulated by increased ammonia flux.
Though no significant differences were observed in mRNA expression of cathepsins B or L in kidney, liver, or muscle as a result of treatments (Figures 7, 8 , and 9), hepatic m-calpain mRNA expression was significantly greater as a result of glutamine infusion (P = 0.01; Figure 8 ). Previous research (Heitmann and Bergman, 1980; Lobley et al., 1995) has demonstrated that ruminants are capable of avoiding increases in hepatic periportal urea synthesis, instead increasing hepatic perivenous glutamine synthesis. This allows for efficient transport of N to the kidney, whereby an increase in glutaminase activity allows for glutamate formation and ammonia excretion. Also, Endo et al. (1999) observed that calpain is specifically involved in degrada- Figure 1 . Relative messenger RNA (mRNA) expression of C8, E2, and ubiquitin (Ub) in kidney tissue collected from lambs offered a control or acidosis diet (supplemented with HCl-treated canola meal), and with saline or l-glutamine infusion. All genes were calibrated separately against β-actin and are relative to the pooled control diet-saline infused treatment group. Relative mRNA expression of different gene types cannot be compared within tissue type because each gene was calibrated separately; genes are represented within tissue only for diagrammatic purposes. Depicted as least squares means ± SEM.
Figure 2.
Relative messenger RNA (mRNA) expression of C8, E2, and ubiquitin (Ub) in liver tissue collected from lambs offered a control or acidosis diet (supplemented with HCl-treated canola meal), and with saline or l-glutamine infusion. All genes were calibrated separately against β-actin and are relative to the pooled control diet-saline infused treatment group. Relative mRNA expression of different gene types cannot be compared within tissue type because each gene was calibrated separately; genes are represented within tissue only for diagrammatic purposes. Depicted as least squares means ± SEM. tion of various enzymes involved in glutamate and glutamine metabolism, including mitochondrial aspartate aminotransferase, as well as degradation of oxidatively modified hepatic glutamine synthetase (Rivett, 1985) .
Hence, it is plausible that increased glutamine availability in the liver as a result of l-glutamine infusion could have upregulated calpain mRNA expression for degradation of glutamine synthetase. Conversely, it is also possible that increased calpain activity promoted conservation of glutamate for glutamine formation instead of being deaminated to α-ketoglutarate. However, other research has demonstrated that a significant increase in calpain and calpastatin mRNA expression was not accompanied by increased activity under fasting conditions because there was simply an increase in ribosomal loading of this mRNA (Ilian and Forsberg, 1992) . In addition, it is uncertain whether AA, specifically glutamine, possess any capacity for transcriptional regulation of calpains, or whether the influence lies on changes in inhibition of calpains by calpastatin. Though some transcriptional regulation of calpain by other regulators has been observed under various treatments (Sandmann et al., 2001) , it is also believed that the calpain inhibitor calpastatin may be the most crucial regulator of this protease (Goll et al., 2003) .
Oral glutamine is absorbed from the intestinal lumen in monogastrics, as identified by increased arterial plasma glutamine concentrations. Additional dietary glutamine, in turn, effectively suppresses endogenous glutamine turnover in rats (Watford et al., 2000) and humans (Wilmore, 2001) . However, the current study did not demonstrate any attenuation of proteolytic in- Figure 3 . Relative messenger RNA (mRNA) expression of C8, E2, and ubiquitin (Ub) in muscle tissue collected from lambs offered a control or acidosis diet (supplemented with HCl-treated canola meal), and with saline or l-glutamine infusion. All genes were calibrated separately against β-actin and are relative to the pooled control diet-saline infused treatment group. Relative mRNA expression of different gene types cannot be compared within tissue type because each gene was calibrated separately; genes are represented within tissue only for diagrammatic purposes. Depicted as least squares means ± SEM. dices as a result of glutamine infusion. The lack of an infusion effect of l-glutamine suggests differences between the monogastric and ruminant responses during acidosis. In the current study, it was hypothesized that infused glutamine was being utilized for N transport to the kidneys instead of increasing excess N via increased ureagenesis .
The current results demonstrate a significant increase in calpain mRNA expression as a result of glutamine infusion, indicating potential involvement of m-calpain in glutamine metabolism. Though, at present, the specific interaction causing this shift in mRNA expression is unclear, there is potential direct involvement of glutamine to subside degradation of calpain targets or an indirect result from calpastatin interactions. Addi- Relative messenger RNA (mRNA) expression of caspase-3, m-calpain, cathepsin L, and cathepsin B in muscle tissue collected from lambs offered a control or acidosis diet (supplemented with HCl-treated canola meal), and with saline or l-glutamine infusion. All genes were calibrated separately against β-actin and are relative to the pooled control diet-saline infused treatment group. Relative mRNA expression of different gene types cannot be compared within tissue type because each gene was calibrated separately; genes are represented within tissue only for diagrammatic purposes. Depicted as least squares means ± SEM. tionally, the inability of nutritionally induced moderate metabolic acidosis to elicit a change in mRNA expression of proteases previously observed in the monogastric proteolytic response to metabolic acidosis demonstrates significant differences in the proteolytic response of ruminants compared with monogastrics under similar levels of blood acid-base insult. The observation that expression of the ubiquitin-mediated proteolytic pathway does not appear to be significantly affected during acidosis in skeletal muscle and liver of ruminants suggests that ruminants have sufficient buffering capacity to dispose of an excess anionic load, rather than increasing proteolysis to augment interorgan N transport. However, significantly less mRNA expression of components of the ubiquitin-mediated proteolytic pathway in kidney during metabolic acidosis suggests some regulation of this proteolytic pathway in a tissue-specific manner for involvement other than skeletal muscle degradation, perhaps due to increased glutamine diversion to the kidney and a consequent increase in renal ammoniagenesis.
